Isomeric eudesmane-type sesquiterpene lactones: alantolactone (1), isoalantolactone (2) and diplophyllin (3), the main constituents of Inula helenium L. root essential oil, are strong antistaphylococcal agents. Energetically favorable conformations of these were calculated (MM+ and MMFF94 molecular mechanics and AM1 and PM3 semi-empirical methods) and mutually compared. The compounds were additionally described in terms of selected 2D and 3D molecular descriptors. Alantolactone and isoalantolactone mainly adopt "U"-shaped conformations (>99%, calculated at 298 K; "closed" geometries), with the carbonyl moiety being rather sterically hindered by the axial methyl group. In contrast, the cyclohexene and lactone rings of diplophyllin are mutually oriented in such a way to give the overall "S"-shape to the molecule ("open" geometry). These conformational differences, inherently influencing the optimal interaction of lactones 1-3 with the binding region of target biomolecules, could be, at least partially, responsible for the higher observed antistaphylococcal activity of diplophyllin in comparison with the other two isomeric lactones.
Recently, we demonstrated that three eudesmane-type sesquiterpene lactones: alantolactone (1), isoalantolactone (2) and diplophyllin (3) (Figure 1 ), were responsible for the very potent antistaphylococcal activity of Inula helenium L. (Asteraceae) essential oil. The activity was connected to the possible interaction of these constituents with the microorganism's cell membrane [1] . Detailed chemical and microbiological studies enabled us to "locate" the active pharmacophores of 1-3 as the eudesmane core olefinic bonds and the α,β-methylene-lactone moiety [1] .
Although lactones 1-3 are isomers with minor structural variation, differing only in the position of the isolated double bond, composition-activity relationship analyses revealed that the antimicrobial potential of diplophyllin is significantly higher than that of the other two isomers [1] . Alongside the presence of some specific functional groups, three-dimensional structure (conformation) can play a significant role in the onset of biological/pharmacological activity of a certain compound [2] . The latter could be critical for optimal docking at the active site of the target biomolecules. Bearing this in mind, we assumed that the higher observed activity of diplophyllin, in comparison with alantolactone and isoalantolactone, could be due to their conformational differences. Thus, we decided to compute energetically favorable conformations of the dominant biologically active I. helenium oil constituents, and seek possible differences between them.
Over the past decades semi-empirical molecular orbital methods, normally formulated within the same conceptual framework as ab initio calculations, have been used widely in computational studies, and have been proven to be efficient and time-saving computational tools which can yield fast quantitative estimates for a number of molecular properties [3] . For the aforementioned reasons, semiempirical methods (AM1 and PM3) were chosen for the geometry optimization and theoretical prediction of the thermodynamic properties of 1-3. In order to provide additional insight into the molecular dissimilarities between the studied lactones, selected 2D and 3D molecular descriptors (topological indices, conformational, molecular surface and partitioning descriptors) of 1-3 were generated.
The results of the performed calculations are summarized in Table 1 and Figure 2 (the E values obtained by AM1 and PM3 method are not strictly identical, but they follow the same trend).
The search of alantolactone conformational space (based on the current knowledge concerning the conformational analysis of medium-sized carbocyclic compounds and accomplished through the use of HyperChem 8 and MarvinSketch 5.7.1 softwares) revealed three characteristic local minimum geometries {1a-1c, Figure 2 (geometries optimized by AM1 method are depicted)}. According to the calculated values of 1a-1c thermodynamic properties (heats of formation, total energies and dipole moments; semi-empirical level of theory; AM1 and PM3 methods; Table 1 ), 1a and 1b conformations are energetically equivalent. Ring A of 1b adopts the chair conformation, whereas that of 1a exists as the twist-boat form. Being 5.5 kcalmol -1 higher in energy than the chair conformation, the twist-boat state is not highly populated for the unsubstituted cyclohexane [4] .
Nevertheless, the axial strain energy of the substituted cyclohexane A ring of 1a is obviously notably relieved when compared with 1b, due to the significantly higher distance between the two methyl groups (in 1a and 1b, the distance between C14 and C15 carbon atoms equals 4.5 and 3.5 Å, respectively, Figure 1 ). For both 1a and 1b, the conformation of ring B deviates only slightly (torsion and bond angles) from that of the unsubstituted cyclohexene half-chair (the lowest energy conformer [4] ). The 3-methylenelactone ring (3methylenedihydrofuran-2(3H)-one moiety) of 1a adopts a planar conformation (O16-C12-C11-C13 and C11-C7-C8-O17 torsions are 0.2 and 0.8º, respectively). This planar geometry allows maximum delocalization within the α,β-unsaturated lactone. Similarly, ring C of 1b has almost planar geometry (dihedral angles O16-C12-C11-C13 and C11-C7-C8-O17 are 2.3 and 5.1º). The two mentioned alantolactone conformers possess rings A (cyclohexane) and C (lactone) oriented one to each other in such a way that the molecule adopts the overall "U"-shaped geometry ("closed" or "shallow bowl"-shaped conformations), with the carbonyl moiety being rather sterically hindered by the axial C14 methyl group. Conversely, 1c could be described as having an "S"-shaped ("open") conformation. Moreover, the cyclohexene ring B-flipping interconverts 1b into 1c [5] . Although 1c retained the chair conformation of ring A, this geometry is 3.4-3.9 kcalmol -1 higher in energy than that of 1a and 1b. The reason for this could be sought in the fact that the 1c lactone ring lost its planarity (value of dihedral angles O16-C12-C11-C13 and C11-C7-C8-O17 are 6.7 and 19.4º, respectively), which probably caused a decrease in the resonance stabilization arising from the conjugated α,β-unsaturated lactone functionality.
The equilibria between geometries 1a-1c are characterized by the constants K 1 and K 2 {(K 1 =1 and K 2 =10 -3 ; the results of AM1 optimization were used as input data), Figure 3} . According to these values, the alantolactone 1c geometry ("open" conformation) is sparsely populated. At 298 K the equilibrium population equals 0.08%, whereas the 1a and 1b ("closed") conformations take up 49.96% each.
The conformational search of isoalantolactone revealed two characteristic geometries (2a and 2b, Figure 2 ). Geometry 2a ("U"-shaped/"closed" conformation) has the lowest energy content, with an equilibrium population of 98.8% {(AM1 calculations, room temperature), Figure 3} . Here, the cyclohexane ring A (bearing the exocyclic double bond at position 4) adopts the chair conformation. However, ring B is almost in the half-chair form (chair is distorted by a flattening, which lowers the torsion angle of the substituted part of the ring by up to 22.1° instead of 58.0° in cyclohexane [4] ). The mentioned deviation in the cyclohexane torsion angles was probably needed to maintain (some) resonance stabilization of the α,β-unsaturated lactone system (the lactone ring of 2a adopts the envelope conformation, with the dihedral angle O16-C12-C11-C13 7.5º, which would probably be even higher if ring B had the chair geometry). The other isoalantolactone conformer (2b; "S"-shaped/"open" conformation) has rings A and B as twist-boats, and the lactone ring is much more planar than the same in 2a (for 2b, the dihedral angles C11-C7-C8-O17 and O16-C12-C11-C13 are 13.3 and 4.5º, respectively; for 2a, the corresponding dihedral angles are 18.4 and 7.5º). However, it seems that the gain in resonance stabilization for 2b was not sufficient to offset the higher energy associated with the twist-boat conformations of rings A and B (when compared with the relative energy of the chair (ring A) and "half-chair" (ring B) of 2a).
As opposed to alantolactone and isoalantolactone, where the closed conformations were those highly populated, diplophyllin mostly adopts the "open" geometry ("S"-shaped conformation). The three characteristic local minimum geometries, 3a-3c, are depicted in Figure 2 . The cyclohexene ring A of 3a adopts the half-chair conformation (the same is true for 3b and 3c), whereas ring B (substituted cyclohexane moiety) is a twist-boat and the lactone ring is almost planar (the dihedral angles C11-C7-C8-O17 and O16-C12-C11-C13 are 9.5 and 3.1º). For 3b, ring B adopts almost a halfchair geometry (the torsion angles in the substituted part of the ring were lowered by up to 17.8°). Similarly to 2a, the mentioned deviation from ideal chair torsions (58.0º) were probably necessary to allow better mutual orientation (lower angle) between overlapping orbitals in the conjugated lactone system (O16-C12-C11-C13 dihedral angle is 6.8º). The ring B chair of 3c is likewise flattened in the substituted part where the angles are lowered up to 22.9°. This, together with the fact that 3c-O16-C12-C11-C13 torsion had a higher value (7.8°) than the corresponding angles in 3a and 3b, could be used to rationalize the highest relative energy of the 3c diplophyllin conformer. According to the results of AM1 computations, the equilibrium populations of 3a, 3b and 3c would be 96.3, 2.5 and 1.1%, respectively {(K 4 =2.5x10 -2 , K 5 =0.4), Table 1 and Figure 3} . At this point it should be noted that no "U"-shaped energy minimum conformation could be found during the search of the diplophyllin conformational space.
It is possible that the differences in the antistaphylococcal activities of alantolactone and isoalantolactone compared with that of diplophyllin are the consequence of the profound overall diversity of the geometries of their energetically most favorable, highly populated, conformations. The "S"-shaped 3D structure of the most populated diplophyllin conformer could be responsible for its optimal docking characteristics, leading to the superior antimicrobial properties of 3 over 1 and 2. However, one could
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Figure 4:
Selected 3D molecular descriptors, determined for the lowest energy conformation of diplophyllin: A -minimal and maximal projection areas (Å 2 ) and lengths perpendicular to the minimal and maximal areas (Å), B -atom/group distances (Å, l 1 and l 2 : distances between C(12) and two olefinic C-atoms, l 3 and l 4 : distances between the axial methyl group (C(14) ) and the carbonyl moiety (C(12) and O(16)), C -characteristic (atom/group) angles (α: angle formed by the two olefinic C-atoms and O-atom from the carbonyl moiety (O(16)), β: angle formed by C(2), C(10) and C(9), γ: angle formed by C(10), C(8) and O(17)). Atom numeration scheme as given in Figure 1 .
argue that the most stable conformations of 1 and 2 are not the active ones and that both alantolactone and isoalantolactone could adopt "S"-shape geometries if necessary (E2.5 -3.9 kcalmol -1 , Table 1 ). Nevertheless, energetically favorable ligand-biomolecule binding interactions could be insufficient to compensate for the higher energy of the "S"-shaped conformations of 1 and 2. In that case, 1c/2b would remain poorly populated even in the presence of the target, and the "effective concentration" of ligands (1 and 2) would be significantly lower than their overall concentration. In order to provide additional insight into the molecular (dis)similarities between the studied lactones, selected 2D and 3D molecular descriptors (topological indices, conformational, molecular surface and partitioning descriptors) of 1-3 were generated. In addition, some characteristic group distances/angles (l 1 -l 3 , , , ) were determined. These values are given in Table 2 and Figure 4 .
As shown previously [1] , the active pharmacophore of 1-3 most probably includes the eudesmane-core olefinic bonds and the α,βmethylenelactone ring. The distance between these functionalities (designated as l 1 and l 2 in Figure 4 and Table 2 ), as well as their mutual orientation (angle α), that could be important for optimal docking at the active site of the target molecules, is quite different for 1a-3a. What is more, it seems that the carbonyl moiety of the energetically most favorable geometries of alantolactone and isoalantolactone are much more sterically hindered than that of diplophyllin. For example, l 3 (C14···C12) distances in 1a, 2a and 3a are 3.9, 4.0 and 5.4 Å, respectively. This is in agreement with the calculated values of steric hindrance of C12 (the lowest value corresponds to 3, Table 2 ). Availability and surrounding of the lactone oxygen atoms might be very important for activity, as they could act as hydrogen acceptors and could be essential for the optimal placement of ligands (1-3) within the binding region. Moreover, the (unhindered) lactone functionality may possibly be susceptible to attack of a (bio)nucleophile (nucleophilic carbonyl addition). Such a reaction might lead to a covalently modified, inactivated target biomolecule (e.g. enzyme).
The values of other selected 2D and 3D molecular descriptors are also different for the compared isomeric lactones. For example, the logP values (Table 2) , as well as the dipole moments calculated by AM1 and PM3 semi-empirical methods (Table 1) , point to the higher polarity of the most populated conformer of diplophyllin (3a) than those of alantolactone (1a and 1b) and isoalantolactone (2a) (this could cause significant differences in their binding properties). The values of molecular surface area descriptors (ASA, ASA+, ASA-, ASA_P and ASA_H; see legend to Table 2 ) are in agreement with the previously mentioned polarity features.
At this point the corroboration of the exact mechanism of action of these isomeric eudesmane-type sesquiterpene lactones needs to be experimentally sought. However, it seems that the overall geometries of their energetically favorable conformations, together with the specific mutual orientation (angle and distances) between the olefinic bond and the lactone ring (parts of the corresponding pharmacophore [1] ) are essential in this respect.
Experimental
Geometry optimizations and calculation of (thermodynamic) properties of alactolactone (1, rel-(3aR,5S,8aR,9aR)-3a,5,6,7,8,8a,9,9a-octahydro-5,8a-dimethyl-3-methylenenaphtho[2, 3-b]furan-2(3H)-one), isoalantolactone (2, rel-(3aR,4aS,8aR,9aR)decahydro-8a-methyl-3,5-bis(methylene)naphtho[2,3-b]furan-2(3 H)-one) and diplophyllin (3, rel-(3aR,8aR,9aR)-3a,4,6,7,8,8a,9,9aoctahydro-5,8a-dimethyl-3-methylenenaphtho[2,3-b]furan-2(3H)-Blagojević & Radulović one) were performed by using MM+ molecular mechanics force field and AM1 and PM3 semi-empirical methods, incorporated in the HyperChem 8.0.8. Molecular Modeling System software package, with the Polak-Ribiere (conjugate gradient) minimization method and with an energy convergence criterion of 0.01 kJ/mol, (Table 1 ). 2D and 3D molecular descriptors (topological indices, conformational, molecular surface and partitioning descriptors) of the lowest energy conformer were generated by MarvinSketch 5.7.1 Software (Table 2) .
